The sustainable management of water resources requires the identification of procedures to optimize the use and management of resources that are able to deal adequately with the problems of an integrated water service. Taking cue from the classic problem of transport of operations research, this paper proposes a procedure to optimize the allocation of resources for water supply in an area. The transportation problem has been particularized to the case of water resources management considering water intake structures present in a territory as source nodes and utilities in the area as destination nodes. The variables to be determined are the quantity of water resources transferred from each source node to each destination node, in order to achieve a balance between the needs and availability, minimizing the costs of supply consequently necessary. The problem that is obtained, is a constrained non-linear type problem that can be used, for example, to solve local problems of supply, through the redefinition of the distribution system. An application of the model to the province of Croton in southern Italy is shown. The results obtained from the application of the model show the reliability of the methodology in applications similar to that of the case study.
INTRODUCTION
The need to promote sustainability has started a number of activities aimed at the implementation of procedures and methods for estimation and quantification of sustainability itself. Sustainability aims to improve the long-term wellbeing of society and this improvement over time cannot happen without sustainable management of water systems.
Proper management of water resources requires the identification of appropriate methodological and operational tools for overcoming the environmental, social and economic issues related to the use of these resources. In this direction, there are several examples of studies and models aimed at identifying sustainability indices for the management of water resources (Baan ; Loucks ; Nachtnebel
; Maiolo et al. ).
The sustainability of water resources, however, implies also the fulfillment of the objectives of optimization, inherent, for example, in the overcoming of conflict between different uses of water, the proper allocation of resources, water quality, planning and operation of water systems; other operational tools, therefore, are needed to support decision-makers in the various technical and managerial choices.
With reference to integrated water systems, the pursuit of sustainable management of these systems, requires the improvement of water systems by reducing structural and management deficiencies, the analysis of the risk associated with the vulnerability of drinking water systems (Maiolo & Pantusa ) In this context, this paper proposes an optimization procedure relative to proper allocation of water resources for drinking water purposes; the proposed optimization procedure does not require the collection and processing of a large and complex number of data and, compared to other models, does not require excessive computational costs; this model, therefore, can be an easy to use tool to identify the proper allocation of resources within integrated water systems.
OPTIMIZATION AND OPERATIONS RESEARCH
Operations research is a discipline that deals with the devel- The transportation problem is bound, therefore, to the distribution of any kind of goods from whatever group of distribution centers, called source nodes, to any group of receiving centers, called destination nodes.
Each source node has a fixed offering that must be sent entirely to the destination nodes (a i indicates the number of units that are available at the source node i, for i ¼ 1, 2, ……, m). Similarly, each destination node has a fixed demand that must be satisfied by the source nodes (b j indicates the number of units required by the destination node j, for j ¼ 1, 2, ……, n). The cost of transporting one unit between source i and destination j is c ij ; x ij indicates the quantity transported from source i to destination j and the cost associated with this transport is c ij ·x ij .
In order to minimize the transportation costs, the following problem must be solved:
[subject to
[and
[where x ij ! 0 for all i and j]
The constraints specify that the sum of all transfers from a source cannot exceed the number of units that are available at the source node and that the sum of all transfers to a destination node must be at least as large as the demand.
A transportation problem is said to be 'balanced' if the total supply from all source nodes equals the total demand in the destinations. In this case, the constraints are defined as follows:
[x ij ! 0 for all i and j]
A transportation problem is said, instead, to be 'not balanced' when the total supply from all source nodes is not equal to the total demand of the destination nodes. In this case, it is possible to balance an unbalanced transportation problem by introducing a dummy destination or a dummy source.
In the case where supply exceeds demand, it is necessary to introduce a dummy destination to which will be assigned a demand equal to:
Since no transport takes place, the unit transportation costs can be set to zero.
In the case where demand exceeds supply, it is necessary to introduce a dummy source to which will be assigned a supply equal to:
Since the source does not really exist, no transportation from the source will occur, so the unit transportation cost can be set to zero.
To formulate and solve transportation problems software such as Excel, LINGO/LINDO, MPL/CPLEX are now available.
OPTIMIZATION PROCEDURE FOR THE SUSTAINABLE MANAGEMENT OF WATER RESOURCES
The optimization procedure proposed involves the analysis of water resources present in a territory in relation to the demand of the users in order to determine the possible transfer of water resources in the territory by different schemes. A first disclosure of this problem has already been made, at a more general level of analysis, considering the volumes available and in demand in an area with the costs of transferring the resource evaluated in a simplified manner (Maiolo et al. ) . This paper proposes, however, a further level of detail directly considering the water intake structures and a more detailed cost of transfer of the resource. On the basis of these new assumptions, a more complex optimization problem has been achieved with a non-linear objective function.
To describe the problem correctly, we define:
• source nodes:
water intake structures present in a territory (springs, wells, derivations);
• destination nodes:
utilities in the area (municipalities);
water availability of the source node i;
demand of the user j;
• c ij :
cost of transfer of the water resources from the i-th origin to the j-th destination.
With the problem defined in this manner, it is necessary to identify the data needed to be collected for the formulation of the problem itself. As for the source nodes, it is necessary to identify all water intake structures present in the area, collect all the information about the availability of water, estimate the quotas, and identify their geographic location through coordinates. As for the destination nodes, considering the reference time horizon for modeling, it is necessary to estimate the resident and fluctuating population and the corresponding demands of water. For each municipality, it is also necessary to calculate the centroid of the polygon representing the administrative boundaries, which is the position of the destination node.
Regarding the cost, at present the retail price of the water is obtained by applying a tariff, often in agreement with the Price Cap Regulation, which depends on several factors; to obtain an expeditious evaluation, and, to avoid referring to all the variables of the tariff, the method mainly refers to the cost of building C u .
As for this cost, it was assumed to consider only possible transfers due to gravity. In this case, the annual cost per unit length, C a , can be expressed as:
where r ¼ rate of cost for amortization and operating expenses C u ¼ cost of construction of the pipeline.
The cost, C u , can be regarded as a function of the diameter D:
It could be expressed in monomial form:
where the constants K and α depend on the type of material, on its class, on laying conditions, etc.
Consider the monomial formula, Darcy type (Milano ):
where β is a coefficient which is generally related to the type of pipe and to the roughness, the coefficient n has a value generally around 2 and the coefficient m has value generally around 5.
For the case study, n ¼ 2 and m ¼ 5:
Now, it is possible to express the unit cost as:
Thus, the annual cost is equal to:
Denoting by L the length of the pipeline, J ¼ Y/L and the total cost will be:
Now it is possible to proceed with the mathematical formulation of the problem, where the variables to be determined are the amount of water resources transferred from origin to destination. The variable is, therefore, the flow Q ij that the i-th source node (spring, well, derivation) must provide to the j-th municipality.
In cases where the availability of water exceeds the demand of the users, it is necessary to introduce a dummy destination; in the case, instead, in which the availability is less than the demand, it is necessary to introduce a dummy origin. The objective function and the constraints will be expressed as follows:
[where Q ij ! 0 for all i and j]
where c ij (Q ij ) is equal to:
The α For this application, it was necessary to collect all the data relating to the springs, the derivations and wells in the area of the province of Croton and all the data related to the demands of users within the territory itself.
Regarding the total availability of water, there are 29 springs, 3 derivations and 7 wells, while for the users there are 27 municipalities with a total demand (residents and fluctuating) of about 21 Mm 3 /year.
The data were organized into tables as shown schematically in Tables 1 and 2 .
At this point, knowing the quotas of the source nodes and of the destination nodes it is possible to calculate the values of Y ij , while on the basis of geographical coordinates it is possible to determine distances L ij as described schematically in Tables 3 and 4. Regarding costs, it equals zero in the case of a source node already connected to a destination node and it is a very high amount in the case of negative values of Y ij , that is, in the case in which transfer of the resource is not of the gravity type.
As already mentioned, the variables x ij to be determined are the quantity of water resources transferred from each source node present in the territory of the province to the municipalities of the province itself.
In this case, we will have that the summation of availability is equal to: The summation of demand is equal to:
In this case, the availability exceeds the demand, for which it is necessary to formulate the problem by introducing a dummy destination. To this destination will be assigned a demand equal to:
The problem is characterized, therefore, by:
• 39 source nodes, m;
• 28 destination nodes, n;
• 1092 decision variables to be determined, x ij . 
The objective function and the constraints will be expressed as follows:
[the following constraints
[where
For the solution of this model, a LINGO solver was used (LINDO Systems Inc.), which is a software package that allows us to formulate and solve linear and non-linear optimization problems while allowing the analysis of the results.
The results obtained have provided accurate indications on the redefinition of the distribution system in order to obtain a new, sustainable and optimal allocation of resources (Table 5) ; each municipality is satisfied in terms of resource availability; as the total availability, as already stated exceeds the total needs, the application of the model also has identified the distribution systems that have a surplus of resource that can possibly be used, for other purposes and/or activities.
CONCLUSIONS
The rationalization of water resources can be obtained through a review of the distribution systems and the identification of optimal solutions to resource allocation. In this direction, this paper proposes an optimization model that has these characteristics:
• the formulation of the model is not complex in terms of type and number of input data, and in terms of mathematical modeling;
• it is well applicable to different territorial scales and can also be easily adapted to different types of distribution systems, other than drinking water distribution.
By virtue of the previous considerations, the most interesting perspectives are certainly related to the possibility that the managers of integrated water systems can use the model as a decision support tool and, therefore, as a tool able to improve the level of management efficiency of the service, and solve any specific and local supply problems.
